Collectins bind carbohydrates through their polyvalent lectin domains, allowing selective recognition of carbohydrates arrayed on the surface of microorganisms (reviewed in [2] ). Mbl and bovine conglutinin directly activate the complement cascade: Mbl by binding Clr 2 -Cls 2 complexes (3) or its own cognate serine proteases, MASP-1 (4) and MASP-2 (5); bovine conglutinin by binding iC3b (6) . The lung collectins, SP-A and SP-D, have not been shown to activate complement, but both bind and facilitate the phagocytosis of a variety of microorganisms in vitro (reviewed in [7] ).
In the human, a collectin gene cluster containing two SP-A structural genes (SP-Al and SP-A2), an SP-A pseudogene, structural genes for SP-D and Mbl, and an Mbl pseudogene is found on chromosome 10 (8, 9) . In the mouse, genes for SP-A, SP-D, and one Mbl gene (Mbl1) have all been assigned to chromosome 14 (10) (11) (12) , which is syntenic to human chromosome 10. A second mouse Mbl gene (Mbl2) has been localized to chromosome 19 (12) .
In the present study, we report the isolation of a single bacterial artificial chromosome (BAC) clone from mouse chromosome 14 that contains three collectin genes, SP-A, SP-D, and Mbl1. Using Southern mapping of restriction fragments and fluorescent in situ hybridization (FISH) of fiber-stretched DNA (fiber-FISH), we have determined the distribution, orientation, and spacing of the three genes. In addition, we cloned and characterized the mouse SP-D gene. The information presented may further our understanding of the phylogeny of collectins and assist in developing models of collectin deficiency.
Materials and Methods

Complementary DNA Cloning of Mouse SP-A
A 346-base pair (bp) mouse SP-A complementary DNA (cDNA) fragment corresponding to nucleotides 2306-2651 of the mouse SP-A gene was amplified from reverse-transcribed adult mouse lung poly(A ϩ ) RNA (13) . The cDNA fragment was ligated into a TA cloning vector (Invitrogen, Carlsbad, CA), labeled with 32 P deoxycytidine triphosphate (dCTP), and used to probe a mouse B6/CBAF1J lung cDNA library (Stratagene, La Jolla, CA) plated at densities of 5 to 10 ϫ 10 4 plaques/15-cm plate. Duplicate filter-lifts were hybridized using a standard protocol (Stratagene) and exposed to Kodak XAR film at Ϫ 80 Њ C. Positive clones were isolated after two further rounds of screening using identical conditions. A full-length, 870-bp cDNA clone was confirmed by automated sequencing (PE Applied Biosystems, Foster City, CA) to be identical to that previously reported (14) .
cDNA Cloning of Mouse SP-D
Using similar protocols and a carbohydrate-recognition domain (CRD)-specific probe, a partial length SP-D cDNA was isolated from the same library. The missing 5 Ј sequence was obtained by rapid amplification of cDNA endspolymerase chain reaction (RACE-PCR) and ligated to the partial-length cDNA to yield a full-length, 1,180-bp SP-D cDNA (40) .
Genomic Cloning of Mouse SP-A
A mouse 129SVJ genomic library (Stratagene) was screened with the full-length SP-A cDNA labeled with 32 P by random priming. Twenty 15-cm plates grown at densities of 1 ϫ 10 5 plaques/plate were lifted onto nitrocellulose. Duplicate lifts were hybridized to the labeled cDNA probe using standard protocol (Stratagene) and exposed to XAR film at Ϫ 80 Њ C overnight. Two additional rounds of screening under identical conditions led to the isolation of two overlapping clones that spanned the entire mouse SP-A gene. The extent of overlap between the isolated clones and the previously reported mouse SP-A gene (14) was established through restriction mapping and sequencing.
Genomic Cloning of Mouse SP-D
The full-length SP-D cDNA was labeled with 32 P (random priming) and used to probe the mouse 129SVJ genomic library. A partial-length genomic clone was obtained that lacked the last two exons of the structural gene. The last two exons and adjacent introns of the structural gene were contained in a 6-kb Hin dIII restriction fragment of BAC clone 2. Exons were positioned in the genomic clone by Southern blots probed with 32 P end-labeled oligonucleotides designed from SP-D cDNA and by the published information on the intron-exon structure of the human SP-D gene (15) . All eight exons and intron-exon boundaries were sequenced. The size of the intervening introns was determined by DNA sequencing or agarose electrophoresis.
FISH of Mouse Chromosome 14
DNA fragments from SP-A (8 kb) and SP-D (9 kb) genes were labeled with digoxigenin-11-deoxyuridine triphosphate (dUTP) (Boehringer Mannheim, Indianapolis, IN) by nick translation (Enzo Diagnostics, Farmingdale, NY) and hybridized to metaphase chromosomes from diploid mouse embryonic fibroblasts prepared by the standard method (16) . Digoxigenin-labeled probes were detected with fluorescein isothiocyanate (FITC)-conjugated antidigoxigenin Fab fragment (Boehringer Mannheim), and chromosomes were counterstained with 4 Ј ,6-diamidino-2-phenylindole (DAPI) and propidium iodide. Chromosomal assignment of the SP-A and SP-D genes was based on the analysis of the DAPI banding pattern. Pulse-field gel electrophoresis. DNA samples of the BAC clones were prepared by chloroform-methanol extraction and ethanol purification. The total of 0.5 mg of BAC DNA was loaded onto a 1.0% low-melt agarose (FMC BioProducts, Rockland, ME) in 0.5 ϫ Tris-borate EDTA (TBE) buffer. Electrophoresis was run for 15 h at 14 Њ C and 6 V/cm, with pulse time gradients of 1.5 to 8 s. After separation, the gel was destained for 20 min in water containing 0.5 g/ml ethidium bromide, destained in water, and photographed.
Characterization of Mouse BAC Clones
Southern mapping of restriction fragments. Each BAC clone was digested with the restriction enzymes Bam HI, Eco RI, Hin dIII, Nhe I, Sac I, Xba I, and Xho I (Boehringer Mannheim). Restriction fragments were separated by agarose gel electrophoresis and blotted onto nylon Hybond-N ϩ membranes (Amersham, Arlington Heights, IL). Membranes were hybridized to oligonucleotides designed from sequences of either BAC or genomic subclones, and exposed to Kodak XAR films. The size of each hybridized fragment was determined by its mobility in agarose, and the maps were progressively constructed.
Fiber-FISH. Each BAC clone was studied by fiber-FISH on slides using probes from sequences matching the 5 Ј and 3 Ј ends of all three genes (as discussed later, in R E-SULTS ). Probes matching the 5 Ј end sequences of the genes were random primer-labeled with digoxigenin-dUTP. Hybridized probes were detected with rhodamine-conjugated antidigoxigenin sheep antibody. Probes matching the 3 Ј end sequences from each gene were random primer-labeled with FITC-dUTP. The probes were detected with mouse anti-FITC antibody and the signal was amplified by binding FITC-conjugated horse antimouse antibody. Background BAC insert was random primer-labeled with biotin-14-dCTP, detected with 7-amino-4-methylcoumarin-3-acetic acid (AMCA)-conjugated avidin, and amplified twice with biotinylated antiavidin goat antibody.
Slide preparation was modified from that described by Yokota and colleagues (17) . Briefly, slides were washed in an ultrasonic bath for 15 min three times in washing solution (13 ml RBS-35 detergent [Pierce, Rockford, IL], 333 ml ethanol, deionized water to 1.0 liter), rinsed three times for 5 min in deionized water, then thoroughly blow-dried. Each slide batch was then modified in an air-filled chamber at 100 Њ C with 1 ml of 0.1% solution of 3-aminopropyltriethoxysilane (Sigma, St. Louis, MO) per slide. Slides prepared in this way and stored in air at room temperature retained their DNA binding capacity for at least 1 mo.
Fiber hybridization was performed as described by Weier and associates (18) . Fiber-FISH mixtures typically consisted of 8 l Master Mix 2.1, 1 g Cotl DNA (GIBCO BRL, Life Technologies, Rockville, MD), and 20 to 30 ng of each probe. A biotin-labeled BAC was used to counterstain fibers at a comparatively low concentration, allowing for competitive displacement by the plasmid probes. To ascertain the position of the hybridized probes relative to the BAC vector, a set of five PCR fragments was added to the hybridization mixture. One of the fragments was labeled with FITC (green) and chosen to be off center to the other four labeled with digoxigenin (red), thereby indicating the T7 end of the BAC vector. Images were acquired in a Zeiss fluorescence microscope (Carl Zeiss, Thornwood, NY) equipped with a ϫ 100, 1.3 NA lens, corresponding filters, and a Photometrics CCD camera (Photometrics Ltd., Tuscon, AZ) connected to a Sun SPARC workstation (Sun Microsystems, Palo Alto, CA), as described (19) .
Southern Hybridization of Mouse Genomic and PCR-Amplified DNA Fragments
To confirm that the spacing of the genes within the collectin locus was not an artifact of recombination in the BAC library, we performed Southern hybridization of restriction enzyme-digested and PCR-amplified genomic DNA.
129J mouse thymus was digested in sodium dodecyl sulfate-and proteinase K-containing buffer, and genomic DNA was purified by standard phenol-chloroform extraction and ethanol precipitation. A total of 10 g of DNA, digested with Eco RI, Bam HI, and Hin dIII restriction enzymes, was loaded onto 0.8% agarose gels for electrophoretic separation. Fragments were transferred onto nylon membranes and hybridized to 32 P-labeled DNA probes for autoradiography. Probes were obtained from the last exon of each structural gene (SP-A, Mbl1, SP-D) and were 346, 309, and 270 bp, respectively.
PCR reactions using the Expand Long Template PCR System (Boehringer Mannheim) were designed to amplify the regions between the structural genes from mouse genomic and BAC DNA. Oligonucleotides 1 (ACATTCT-CTCCACAGTGC, sense) and 3 (GAGAAACTATGTC-TCGAGTCCAGC, antisense) were used to span the region between SP-A and Mbl1. Oligonucleotides 4 (ACCAT-GAGAAGATGCCCTTTTCCA, sense) and 6 (ATGC-CCAGGAGATGTGCAAACAGG, antisense) spanned the region between Mbl1 and SP-D (as shown later in Figure 3) . Amplified products were separated by agarose gel electrophoresis, blotted onto nylon membranes and hybridized to 32 P end-labeled oligonucleotides derived from BAC subclone sequences (oligonucleotides 2 and 5; as discussed later with Figure 3) . Hybridized blots were then analyzed with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).
Results
Chromosome FISH
To confirm the localization of mouse SP-A (10) and SP-D (11) genes on chromosome 14, we performed FISH on a C57BL/6J mouse chromosome spread, using labeled SP-A and SP-D genomic clones as probes (Figure 1 ). Both SP-A and SP-D probes hybridized to the same region of chromosome 14, identified by its DAPI banding pattern. No cross-hybridization of either probe was observed with chromosomes other than 14.
BAC Clones
Screening of a mouse chromosome 14 BAC library with SP-A and SP-D cDNAs yielded two positive clones. BAC1 hybridized to SP-A, and BAC2 hybridized to both cDNAs. BACs 1 and 2 were sized by pulse-field gel electrophoresis and found to be about 70 and 160 kb, respectively (not shown). To confirm that these clones did contain mouse SP-A and SP-D genes, and to ascertain whether they might include Mbl1 gene, PCR reactions were run. Genespecific primer pairs were designed to amplify regions of the CRD domain of each gene. The CRD fragments of all three genes were amplified in BAC2, indicating that BAC2 contained all three genes. Only the SP-A CRD fragment was amplified from the BAC1 template. Sequencing of the ends of BAC1 and Southern hybridization of restriction fragments demonstrated that BAC1 ended between exons III and IV of Mbl1. Thus, BAC1 lacked the SP-D gene and exons IV and V of Mbl1.
All three genes within BAC2 were mapped using Southern blotting of overlapping restriction fragments and sequencing of selected subclones. This approach allowed us to "walk" along the BAC2 clone and generate the physical map of the mouse collectin cluster presented in Figure 2 . Only the restriction sites that were used for subcloning are shown. A distance of 15 to 16 kb separated SP-A from Mbl1, and 12 to 13 kb separated Mbl1 from SP-D. SP-A and Mbl1 were in the same orientation. The SP-D gene was in the opposite orientation, 3 Ј end to 3 Ј end with the Mbl1 gene. Data obtained from the overlapping region of the two BAC clones were in exact agreement. Further, there were no discrepancies noted in gene organization, restriction maps, or partial sequences between BAC and our isolated genomic clones (SP-A and SP-D), or between BAC and published data (SP-A [14] and Mbl1 [12] ).
Fiber-FISH of BAC Clones
Confirmation of the physical map of the mouse collectin gene cluster derived from our Southern mapping of BAC2 was obtained by fiber-FISH. In this technique, BAC DNA is stretched and fixed onto prepared glass slides ( see M A-TERIALS AND M ETHODS ), then hybridized to fluorescently labeled DNA fragments. DNA probes were chosen from subclones of the BAC that mapped to each of the three collectin genes 5 Ј and 3 Ј ends, thereby designated A1 and A2, M1 and M2, and D1 and D2, respectively. Figure 3 shows examples of the hybridization results. The pattern we observed recapitulated the information schematically presented in Figure 2 and visually confirmed the overall spacing and orientation of the three genes. In addition, fiber-FISH illustrated the position of the gene cluster relative to the ends of each BAC clone. One end of BAC2 extended 5 to 10 kb upstream of the 5 Ј end of the SP-A gene (Figure 3a) , and its other end extended about 100 kb beyond the 5 Ј end of the SP-D gene (Figure 3b ). BAC1, which was less than half the size of BAC2, spanned a region extending from the middle of the MBl1 gene to 40 to 60 kb 5 Ј of the SP-A gene (not shown). Together, these two overlapping clones covered approximately 200 kb of DNA and included the currently known genes of the mouse collectin locus on chromosome 14.
Southern Hybridization of Genomic DNA and PCR Products
To ensure that this collectin gene cluster was not an artifact of the BAC library, we performed comparative Southern hybridization of BAC and genomic DNA fragments ( Figure 4 ) and of PCR-amplified genomic DNA ( Figure 5 ). Figure 4 shows the size of hybridized restriction fragments using gene-specific CRD probes. Probes hybridized to single fragments of predicted size. Figure 5 shows a Southern blot of PCR-amplified DNA. Both genomic and BAC DNA were used as templates for comparison. Oligonucleotides 1 and 3 were used to amplify the region between SP-A and Mbl1, and oligonucleotides 4 and 6 the region between Mbl1 and SP-D. Hybridization probes for each of the intergenic regions were oligonucleotides 2 and 5, respectively. Amplified products spanning the region between SP-A and Mbl1 and between Mbl1 and SP-D genes showed unique hybridization products of the pre- dicted size (Figures 5a and 5b) . Together, these data show that no recombination occurred in the BAC clones in the region of the mouse collectin locus we characterized.
Mouse SP-D Gene
Screening of a mouse 129SVJ genomic library with a 32 Plabeled SP-D cDNA fragment yielded a 16-kb clone. This clone was found to extend 7 kb 5 Ј of the first exon of the SP-D gene but to lack the last two exons. The remainder of the SP-D gene was isolated from a HindIII restriction fragment subcloned from BAC2 ( Figure 2 ). Using information from Southern mapping of restriction enzyme fragments and sequencing of selected fragments, we were able to generate a complete physical map of the gene ( Figure 2 and Table 1 ). The first exon of the gene was untranslated, and extrapolation from the RACE-PCR of the SP-D cDNA (not shown) showed it to be just 25 bp long. This is similar to the size of the first untranslated exon of the rat and human genes (20) .
A putative TATA box (CATAAA) was found at position Ϫ31, similar to the rat and human genes ( Figure 6 ). Unlike the human gene, the mouse and rat genes contained a CCAAT sequence at position Ϫ63. Whether this sequence represents a functional CCAAT box is unknown. A putative activator protein (AP)-1 binding site is present in all three species (position Ϫ139, Figure 6 ). The second exon (199 bp) contained the translation start site, signal peptide, N-terminal region, and the beginning of the collagenous domain, a pattern observed in all collectin genes described. Exons III, IV, V, and VI were all equal in size (117 bp) and encoded the remainder of the collagenous domain. Exon VII (84 bp) encoded the helical coiledcoil neck region of the protein, and exon VIII (500 bp) encoded the CRD and the 3Ј untranslated region. The mouse SP-D gene was similar in its organization and overall size (13 kb) to human SP-D (15) and to conglutinin (21), a bovine collectin that shares close structural homology with SP-D. As in human SP-D, all introns were in phase 1 (Table 1). The size of introns varied between the two species; in particular, intron 2 was significantly larger in the mouse than it is in the human.
Discussion
The collectins are a small family of structurally homologous proteins found in serum and on mucosal surfaces of the lung and gastrointestinal tract (22) . Genes for several members of this protein family have been described and characterized in a variety of mammalian species. The human genes for three of the collectins-SP-A, SP-D, and Mbl-are located on the long arm of chromosome 10 (23-25) . The corresponding mouse genes are located on chromosome 14 (10, 12) . Using a BAC clone containing all three of these genes and a partial-length mouse SP-D genomic clone, we have characterized the structure of the mouse SP-D gene and mapped the mouse collectin locus.
The mouse collectin gene cluster is remarkably compact, extending over just 55 kb of genomic DNA. Recently, Hoover and Floros used radiation hybrid mapping to characterize the syntenic human collectin gene locus on chromosome 10 (9). Their results suggest that the collectin locus is comprised of at least two structural SP-A genes, an SP-A pseudogene, and the SP-D gene. The distance separating SP-A and SP-D genes in the mouse is similar to the distance separating SP-A2 and SP-D genes in humans (63 kb). In the mouse, two Mbl structural genes have been characterized (12) . As we have shown, Mbl1 lies between SP-A and SP-D on chromosome 14, whereas Mbl2 is not found in this locus but lies instead on chromosome 19 (26) . In the human, a single Mbl structural gene and an Mbl pseudogene have been identified (8) , both located on chromosome 10. The human Mbl structural gene is most homologous to mouse Mbl2 (27) and was located by Hoover and Floros 25,000 to 35,000 kb from SP-D (9). The human Mbl pseudogene, which is most homologous to Mbl1, has not been precisely mapped in relation to the other collectin genes on chromosome 10. It will be of interest to determine whether the human Mbl pseudogene resides between SP-A and SP-D, in a manner analogous to Mbl1 in the mouse.
The structure of the mouse SP-D gene is similar to the gene for human SP-D (15) and closely related to the organization of the other collectin genes. The first translated exon, exon II, contains three nucleotides of the 5Ј untranslated region (UTR) and encodes the signal peptide, the N-terminal region, and the first seven triplet amino-acid repeats of the collagenous domain. This hybrid exon is found in all collections (12, 14, 15, 21) , although the length of the encoded N-terminal region varies. The small stretch of hydrophilic collagenous domain included in this exon is highly conserved between collectins and has been proposed as a candidate sequence for recognition by collectin receptors (28) . The remainder of the mouse SP-D collagenous domain is encoded in four additional exons, each 117 bp in length. This arrangement also exists in human SP-D gene (15) . In both species, the collagenous intron-exon transition splits the Gly codon of a Gly-Xaa-Yaa triplet after the first base. Crouch and coworkers have suggested that this pattern might confer an evolutionary advantage by preserving the integrity of collagen triplets, and have proposed that the collagenous domain in SP-D evolved from a duplication of a primitive 117-bp element (15) . Immediately following the collagen-like domain is the helical coiled-coil neck region encoded by exon VII. This domain may be important in the initial alignment and subsequent formation of trimers, a structural hallmark of collectins (29) . The last exon, exon VIII, encodes for the entire CRD and 3Ј UTR. Although the gene organization of SP-D is similar to that of SP-A (14) and Mbl1 (12) , its size is significantly greater than that of the other two collectins in the locus, due in part to the length of the collagen-like domain and the first two introns.
Rust and colleagues previously reported the characterization of the human SP-D promoter (20) . Using primer extension and 5Ј RACE-PCR, they identified the transcription initiation site. Sequencing of the upstream region showed consensus sites for a TATA box and an AP-1 element. By aligning sequences from the mouse, rat, and human SP-D promoter regions, consensus sequences were clearly evident in the mouse sequence ( Figure 6 ). In addition, a CCAAT sequence occurs about 30 bp upstream of the TATA box in both mouse and rat. Whether this element represents a fully functional CCAAT box in rodents is not known. As in the rat but not the human, a string of 20-dinucleotide GT repeats is found in the mouse SP-D promoter. The biologic significance, if any, of such repeats is still poorly understood, although they may modulate the binding of nuclear proteins (30) .
The spatial clustering of collectin genes and the similarity of their respective gene organization supports the hypothesis that this gene family evolved from a common ancestral gene (31) . SP-A-like and MASP-like molecules have been described in fish (32) and ascidians (33) , respectively, tracing the presence of collectins back to the origin of vertebrates. It remains unknown whether SP-D or SP-D-like molecules exist in these early vertebrate species. The serum collectins have been implicated in innate defense as opsonins or activators of immune response. Mbl activates the lectin complement pathway (4, 34) and bovine serum conglutinin agglutinates cells or particles opsonized with iC3b (6), further linking these two molecules to the innate immune response. The role of the lung collectins in immune defense is less well established. Both SP-A and SP-D bind a variety of microorganisms in vitro, and they variably enhance phagocytosis by macrophages or neutrophils (reviewed in [7] ). Patients with inflammatory (35) or infectious lung processes (36) show altered levels of collectins in their tracheal aspirates, and mice lacking SP-A clear group B streptococcus bacteria from the lung slowly and are prone to systemic spread of the organism (37) . Because SP-A (38) and more recently SP-D (39) have also been implicated in the maintenance of surfactant pools, the lung collectins may participate in a more complex array of biologic events involving both lung immunity and surfactant homeostasis. Further study of these molecules in vitro and in transgenic animals may elucidate the functions of this ancient protein family.
